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The effects of barbell resistance 
exercise on information processing 
speed and conflict‑related ERP 
in older adults: a crossover 
randomized controlled trial
Ting‑Yu Lin1, Shu‑Shih Hsieh2, Ting‑Yu Chueh1, Chung‑Ju Huang3 & Tsung‑Min Hung1,4*
It is difficult to draw conclusions about the effect of resistance exercises on information processing 
speed and inhibitory control from previous studies due to possible underestimations of maximal 
strength and the lack of information on the intervention programs. To address this issue, a 
familiarization of resistance exercise was introduced before the strength test, and the repetition‑to‑
fatigue method was used to calculate the 1RM (one repetition max). A two‑arm RCT was conducted 
to evaluate the cognitive effect of resistance exercise. Male adults aged 50–65 years old performed 
a single bout of multiple joint, structural barbell resistance exercises (back squat, press, and 
deadlift) with 75% 1RM * 5 repetitions * 3 sets with 2–3 min rest between sets and exercises or a 
stretching exercise session (active‑control intervention). This type of resistance exercise improved 
the information processing speed measured by Stroop task reaction time (t(23) =  − 2.313, p = .030, 
M =  − 16 ms, 95% CI [− 30, − 2]) and decreased the conflict‑related neural activity measured by event‑
related potential N2b in both congruent (t(20) = 2.674, p = .015, M = 2.290 μv, 95% CI [0.504, 4.075]) 
and incongruent (t(20) = 2.851, p = .018, M = 2.291 μv, 95% CI [0.439, 4.142]) conditions. Resistance 
exercise significantly improved information processing speed and decrease conflict‑related neural 
activity, but did not change inhibitory control in older adults compared to active control.
Trial registration: NCT04534374 (01/09/2020).
Information processing speed and inhibitory control are two critical factors in daily life and higher-order 
 cognition1,2. Reaction time, a measure of information processing speed, is an indicator of the brain’s information 
processing  ability3. Choice reaction time latencies have been estimated to increase by 1 ms/year in males after the 
age  204, and an increase of mean choice reaction time is associated with a higher risk of cardiovascular, coronary 
heart, and respiratory disease mortalities after adjusting for sex, social-economic status and  smoking5. Because 
slower information processing speed is a risk factor for mortality, reducing this decline is critical. Inhibitory 
control is one of three major components of executive function, which refers to a family of top-down mental 
processes, also called executive control or cognitive control. Inhibitory control makes it possible for us to change 
old habits of thought or action and prevent us from being controlled by  impulses1. Inhibitory control, like other 
executive functions, declines during normal  aging6,7 and disproportionately so if general health is  compromised1. 
For instance, performance differences between younger and older participants are greater for tasks requiring a 
high-level inhibition compared to lower-demands  condition8.
The Stroop test provides a measure of both inhibitory control and information processing speed, and the 
analysis of event-related potentials (ERP) recorded during this test also provides information about the underly-
ing neuro-electrophysiologic mechanisms involved. ERPs’ high temporal resolution allows for the investigation 
of the ordering and timing of different mental  processes9. This, in turn, allows for a description of the stages of 
information processes and their  durations10. N2b (anterior N2) has its largest amplitude in the frontocentral 
 lobe11. Originating in the Anterior Cingulate Cortex (ACC), it is associated with conflict monitoring neural 
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 activity12–14, and is activated when multiple responses compete, a feature of the Stroop  task15–17. The N2b ampli-
tude is positively correlated with reaction  time14 and it can be used to provide information about the mechanisms 
involved in determining thereof.
Resistance exercise (RE) has been shown to improve not only neuromuscular function but also executive 
 function18. To our knowledge, there are 11 previous studies which have investigated the effects of acute RE on 
the performance of the Stroop  task19–29. The type of RE is critical when constructing a RE program to maximize 
both cognitive and physical performance in the long-term. It has been proposed that multiple-joint, free-weight, 
structural (the force vectors directed primarily through the spine and  hip30) resistance exercises will have greater 
effects relative to single-joint, machine-based, non-structural exercise on functional  movement31, bone mineral 
 density32,33, the release of neurotrophic  factor34–37, and degree of muscle  activations38,39. However, these propos-
als remain untested in previous  studies19–29. It is also difficult to determine optimal RE protocols from previous 
studies primarily because of the possibility of underestimation of maximal strength, or unreported training 
parameters. The studies with unreported fundamental training parameters and training protocol with the risk of 
underestimation of maximal strength were summarized in Table 1. For comparison, various predicted equations 
of repetition max have been identified. Besides, only one of the 11 studies mentioned applied an active-control 
 intervention28, and none applied intention-to-treat analysis, or familiarization before the strength tests. Thus, 
these studies may have over-estimated the effects of resistance exercise while participants’ maximal strength may 
have been underestimated. Therefore, the present study focuses on addressing the limitations of previous work by 
utilizing (1) a two-arm, crossover RCT design (2) a RE protocol that has been shown to be effective for improving 
muscular strength and relevant connective tissues (3) a familiarization with the strength test (4) an active-control 
physical test (flexibility test) and intervention (stretching, SE) (5) strict intention-to-treat  analysis40 for behavioral 
data and (6) analysis of ERP data. We hypothesized that this type of acute RE would produce (1) improvements 
in information processing speed (2) improvements in inhibitory control (3) smaller N2b amplitude.
Method
Participants. This study recruited 28 older men. Study selection criteria were: (1) male adults aged 
50–65  years old; (2) free from dementia (Mini-Mental State Examination, MMSE ≥  2441); (3) free from any 
medical condition listed on Physical Activity Readiness Questionnaire,  PARQ42 (4) free from depression (Beck 
Depression Inventory-II, BDI-II score ≤  1343); (5) free from any diagnosed cardiovascular, neurological, and 
other chronic diseases (6) exercise ≥ 150 min/week (7) normal or corrected-to-normal vision (8) Right-handed.
Demographic and anthropometric measures. The health status of participants was assessed with ref-
erence to the PARQ. Dementia, depression, handedness, and physical activity were assessed against the MMSE, 
the BDI-II, the Edinburgh  inventory44, and the International Physical Activity Questionnaire (IPAQ)45, respec-
tively. Body mass index (BMI) was calculated as weight (kg)/height2  (m2). Economic status was assessed by self-
report (measured on a 5-point scale with ‘5′ representing the highest income). The investigation was approved 
by the Institutional Review Board of the National Taiwan Normal University (NTNU). All data were collected 
Table 1.  Prediction Equations for repetition max (RM) and reports from cited studies. Note that the formulas 
are used to predict how many repetitions a participant can complete at a given weight for a single set.
From LeSuer, et al.52
Author(s) Equation
Value for comparisons 
(% 1RM)
5RM 9RM 10RM



















× weight 86 77 75
Lombardi 1RM = weight × reps0.1 85 80 79










Reports from cited studies
Author Description
Brush, et al.23 10 repetitions with 100% 10-RM for 3 sets
Engeroff et al.27 5 repetitions with 90% 1RM for 5 sets
Tsukamoto et al.20 10 repetitions with 80% 1RM for 6 sets
Sardeli et al.24 9.6 (mean) repetitions with 80% 1RM for 4 sets
Chang and  Etnier21 Did not report rest intervals
Chang et al.22 Did not report repetitions
Harveson et al.29 Did not report intensity and rest intervals
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within the NTNU gymnasium between August 2017 and August 2019. All experiments were performed in 
accordance with relevant guidelines and regulations.
Experimental design. A crossover design was used because of its efficiency and the low probability that 
the known disadvantages of this design, such as carryover effects and instability of participants’  conditions46,47, 
would occur in this study given adequate washout and the control of differences in circadian rhythm. After par-
ticipants provided informed consent, they then completed the questionnaires, height, and weight measurements, 
and a familiarization of the resistance exercises on the first day.
On the second visit, participants completed the rep-to-fatigue 1-RM test for the barbell back squat, press, 
and deadlift exercises. All participants were randomly assigned to two different sequences. During days 3 and 4, 
participants completed the modified Stroop color-word test 5 min before and 10 min after the exercise interven-
tions. The minimum interval between each visit was 96 h. Participants were required to visit the lab at a similar 
time of the day in all four visits to control for effects of variations in circadian rhythm on muscle strength and 
cognitive performance. Participants were asked to refrain from caffeine and alcohol for 12 and 48 h, respectively, 
and finish the last meal at least 2 h before the visit. They were also asked to avoid vigorous exercise for 48 h. All 
procedures were conducted one participant at a time supervised by TYL. Figure 1 presents the CONSORT flow 
diagram for crossover  trials47. The participants and public were not involved in the research. Dissemination of 
results to participants will be done within 1 year after the trial is closed via an electronic document.
Strength testing. One of the authors with about 5 years of experience in coaching (TYL, NSCA-CSCS 
& CSPS) instructed participants in barbell back squat, press and deadlift during day 1 of the familiarization 
 session30. The instruction was in accordance with Starting Strength 3rd48–50 with two modifications:
Squat: both ‘thumb-around’ and ‘thumb-up’ grips were permitted according to which position felt most 
comfortable to participants.
Press: For the sake of simplicity, the static press was instructed without including a leaning back of the trunk 
or dynamic movement of the hips.
On day 2, after following the NSCA’s warm-up protocol for maximal strength  test30, the repetition-to-fatigue 
method (Wathen’s  equation51 was chosen because it was the most accurate one reviewed by Leseur et a.l52) was 
used to estimate the 1-RM because a direct measure of this may have been unsuitable for those not accustomed 
to resistance  exercise30. This equation has been shown to have low errors of measurement and high Pearson 
correlations coefficient between predicted and directly measured 1-RM52 (differences: 0.8%, 0.02%, and 9% for 
bench press, squat, and deadlift, respectively; correlations for the same three exercises were 0.992, 0.969, and 
0.965, respectively). The target weight in the testing was that the participants could perform 3–10 repetitions. 
This is because NSCA does not recommend performing testing with weight over  3RM30 and ≤ 10 repetitions to 
fatigue is better for estimating  1RM53,54. For instance, if a participant can perform an 80 kg squat for 7 repetitions 




= 99kg. Strength for each exercise movement, and 
the sum of all movements, was measured in terms of absolute strength (weight lifted), relative strength (weight 
lifted/body weight), and allometric strength (weight lifted/body  weight0.66).
Flexibility testing. Flexibility tests were performed, although not analyzed, to further make participants 
in the stretching exercise condition believe this is also an experimental rather than an active control condition. 
Measures taken were the sit-and-reach55 and shoulder mobility  tests56.
Modified Stoop color‑word test. Information processing speed and cognitive inhibition were measured 
by participation in the modified Stroop color-word  test57,58. STIM 2.0 software (Neuroscan Ltd, El Paso, TX, 
USA) was used to create and present the task. The task involved both congruent and incongruent conditions. In 
the congruent condition, one of three color words, written in Chinese characters were presented in the color that 
they referred to. For example, the character , which means “red”, was written in red color. The other two colors 
used were yellow and green. The incongruent condition presented characters in one of the two non-congruent 
colors with equal frequency. Thus, in the incongruent condition, the character  (which means yellow) was writ-
ten one half of the time in red and one half of the time in green.
The stimuli, 2 × 2 cm in size, were presented in the center of a 17-inch monitor placed 75 cm in front of par-
ticipants at a visual angle of 2 degrees. Participants were asked to respond as accurately and as quickly as possible 
to the color, but not the meaning of the character, by pressing “G” for red, “H” for yellow, and “J” for green on 
the keyboard. The time allowed for presenting the stimuli, reacting to it, and the inter-trial interval were 500 ms, 
1500 ms, and 500 ms, respectively. Trials with no response, or a reaction time shorter than 200 ms, or longer than 
1500 ms, were marked as incorrect. The ratio of congruent vs incongruent trials was 7:3. There were a total of 
six blocks with each block consisting of 60 trials, i.e. a total of 360 trials. Before the formal experimental proce-
dures, participants were allowed to practice on a block of 20 trials. If the accuracy of this practice block ≥ 85%, 
all subsequent trials were recorded. When accuracy was below this criterion, participants were allowed a second 
practice block. If a participant also failed to reach the required accuracy in this second block, they were excluded 
from the study. The entire task (including practice trials) required about 25 min.
Information processing speed was measured as the mean reaction time of congruent trials, and cognitive 
inhibition was calculated as the time difference between the mean reaction time of congruent and incongruent 
trials (interference score, IF score). Response accuracy was also calculated to see if there were significant differ-
ences in the speed-accuracy trade-off between the resistance exercise and active control interventions.
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Day 1:Assessed for Eligibility 
(28 Participants assigned the Inform Consents)
Demographic, Anthropometric Measures, Physical tests and Familiarization of 
Resistance exercise
n = 3
Two participants were excluded due to 
shoulder immobility. One participant was 
excluded due to cardiovascular dissease
Randomization (N = 24)
Day 2: 1-RM Test
n = 1
One participant voluntary 
dropped out
n =10
Day 3: Resistance Exercise Intervention
n = 14
Day 3: Stretching Exercise Intervention
n = 10
Day 4: Stretching Exercise Intervention
n = 14
Day 4: Resistance Exercise Intervention
n = 2
Two participants did not complete the resistance 
exercise intervention because of tiredness and 
muscle soreness
N = 22
Participants completed all the interventions
N = 24
A total of 24 participants included in the Intention-to-Treat (ITT) Analysis 
Figure 1.  CONSORT diagram of participant flow.
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Resistance exercise intervention. On the resistance exercise day, participants performed barbell back 
squat, press, and deadlift for three sets of five repetitions with the weight closest to 75% of their estimated 
1-RM59,60 for all three movements mentioned previously. The participants were instructed to execute the move-
ment with moderate speed (2 s eccentric, 2 s concentric, no pause in between). The rest period between sets and 
exercise movements was 2 to 3 min, in line with the NSCA’s recommendation for strength  training30, see Fig. 2. 
The Rating of Perceived Exertion (RPE) scale (score: 6–20)61 was used to assess perceived exercise intensities. 
The RPE scores were collected immediately after each working set of each exercise type, a total of 9 RPE scores 
were reported during the exercise session (see Supplementary Table S1 online).
Active‑control exercise intervention (stretching). On the control intervention day, participants com-
pleted a passive stretching exercise session for a similar duration of time as the resistance exercise (≈ 30 min). 
Participants performed 15–20 stretching movements twice, holding each for 30 s as recommended by  ACSM55.
Determination of sample size. The number of participants required was calculated by the average effect 
size (partial η2 = (0.32+ 0.26)÷ 2 = 0.29 ) reported in a previous  study23. The reason this study was chosen is 
that it was the only published paper that reported Stroop interference scores. The partial η2 was transformed to 






) ≈ 0.61 ) then a sample size of 23 was computed according to the equa-
tion n = 8
d2
+ 262 sufficient to be able to achieve a power estimate of 0.8 assuming α = 0.05 in a single sample 
difference from constant  t test, the approach recommended for crossover  trials47. A total of 28 participants were 
recruited to ensure that sample size would still be adequate assuming a drop out rate before randomization of 
up to 15%’.
Event‑related potential (ERP). Electroencephalographic (EEG) recording. The 32 channels elastic elec-
trode cap (Quick-Cap, Compumedics Neuroscan, Inc., Charlotte, NC, USA) was used according to the modi-
fied International 10–20 System to record electroencephalographic activity (EEG). Four electrodes were placed 
above and below the left orbit and outer canthus of each eye to record electrooculographic activity (EOG). Two 
vertical EOG electrodes and two horizontal electrodes were combined into two external channels (VEOG and 
HEOG). EEG data was re-referenced to the average of two mastoids (M1 and M2). All electrodes kept impedanc-
es < 10 kΩ before data collecting. Neuroscan SynAmps2 amplifier was used to continuous data recording with 











































30-60 s 2-3 min 2-3 min
2-3 min
2-3 min
Figure 2.  The procedure of exercise interventions.
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EEG processing and averaging. 
1. Converting .cnt file (collected by Neuroscan 4.5) to .set file using Matlab 2019b and its add-on EEGlab ver-
sion  1463.
2. Removing data collected more than 2 s outside of triggers and appending.
3. Bandpass (IIR, 0.1–30 Hz half amplitude cut off, 12 dB/oct roll-off for both high and low pass) by the EEGlab’s 
plugin ERPlab version  764.
4. Rejecting and interpolating bad channels (measures used: normal distribution and kurtosis, criteria: ± 5 SD, 
interpolation: spherical) by EEGlab.
5. Epoching (correct trials, − 200–1000 ms to the start of the stimuli) and rejecting bad epochs (measures used: 
normal distribution and kurtosis, criteria: ± 5 SD)65 by EEGlab.
6. Relocating external channels (VEOG and HEOG) and run ICA (runica, by EEGlab).
7. Selecting and removing ICA components associated with the eye-blink artifact with Icaeyeblinkmetrics 
version 3.2 electrodes used: VEOG and  FP166 after converting the epoch file to a continuous one by ERPlab.
8. Re-epoching (baseline correction: − 200–0 ms) and trial rejection using step function channel: all internal 
channels, threshold: 100 μv, time window: − 200–1000 ms, window size: 200 ms, window step: 50 ms,  ERPlab9.
9. Computing average ERP and drawing the topography plot for congruent and incongruent conditions by 
ERPlab.
Among the 22 participants who completed all exercise interventions, ERP data from one of the participants 
were rejected because it was unable to undergo ICA blink rejection due to bad channels. A total of 21 participants’ 
data was included in the ERP analysis.
Quantifying ERP. The N2b component was defined as the local peak over 25 sampling points 180–325  ms11 
after stimuli calculated by ERPlab, ERP measurement  tool9. The local peak amplitude was computed by averag-
ing the 25 sampling points. To decrease the level in statistical  analysis67, nine frontocentral electrodes were aver-
age (F3, FZ, F4, FC3, FCZ, FC4, C3, CZ, and C4)11.
Data analysis. SPSS 23 software was used to perform the statistical analysis. All randomized participants 
were included in the analysis (intention-to-treat analysis, ITT, see Fig. 1) for primary (behavioral) data. The last-
observation-carried-forward (LOCF) method was used to process the missing outcome. One sample difference 
from constant t tests ((post-RE − pre-RE) − (post-SE − pre-SE)) were performed for reaction speed and accuracy 
data under congruent and incongruent conditions, as well as N2b local peak amplitude (post-test minus pre-
test). The α was set at 0.05 and the effect size was reported in contrast confidence intervals (95% CI) along with 
p  values40,68,69, which would allow future meta-analyses to input effect sizes directly. The confidence interval for 
each intervention, Cohen’s d, along with within-participants Pearson correlation coefficients, were reported to 
allow comparisons with previous studies and to calculate the required sample sizes for future  studies62. The mini-
mal detectable difference (MDD) was calculated from both baseline scores in order to make comparisons with 
intervention effects, to verify that changes occurring after experimental sessions were greater than outcomes’ 
normal variability. It was calculated as the one standard error of the measurement (1 SEM): SD ×
√
(1− r) , 
where SD was the standard deviation of the change score (first pre-test − second pre-test) and r was the Pearson 
correlation  coefficient70,71.
Controlled risk of bias and measurement variability. 
1. Bias arising from randomization process (allocation generation and concealment): Random numbers (1 and 
2) were generated using Excel 2016 (allocation ratio: 1:1) and these were used to allocate participants to either 
resistance exercise followed by the active-control intervention or vice versa to participants (unrestricted 
randomization) after they had agreed to participate in this study to avoid allocation  bias72.
2. Bias arising from missing data: Except for dropouts, there was no missing data relating to cognitive perfor-
mance. However, a certain amount of ERP data loss due to noise was unavoidable.
3. Bias arising from outcome measurement: The computerized cognitive task and fully automatic data analysis 
of behavior and ERP analysis minimized bias in outcome measurement.
4. Blinding: Participants were blinded as to the treatment under investigation by use of an active-control physi-
cal test (flexibility test) and intervention (stretching).
5. Bias due to deviations from intended interventions: The washout period between the two interventions was 
at least 96 h to minimize any carry-over effects.
6. One of the authors (TYL) performed all physical examinations, exercise instructions, and intervention 
supervision individually with every participant to avoid inter-rater and inter-instructor variability. The same 
author also enrolled the participants, generated the random allocation sequence, and assigned the interven-
tions.
Ethical approval. This study was approved by the NTNU institutional review board (201807HM004).
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Result
Completion rate, adverse events, demographic, anthropometric measures, and outcomes of 
strength and flexibility tests. 28 participants were initially recruited, 24 of whom were included in the 
strict intention-to-treat analysis, and of these 15 participated in the active-control intervention before the resist-
ance exercise intervention. Of the four participants who did not take part in any intervention, two were excluded 
because of shoulder immobility, one was excluded because of a cardiovascular issue, and the other voluntarily 
dropped out (Fig. 1). There was no severe adverse event. Two out of the remaining 24 participants did not com-
plete the resistance exercise intervention because of tiredness and muscle soreness, giving an adherence rate of 
92% (22/24). The interventions were delivered as planned for all 22 participants. The demographic, anthropo-
metric measures, and outcomes of strength and flexibility tests are shown in Supplementary Table S1 online.
Subjective exercise intensity. The RPE for each set of each exercise movement is shown in Supplemen-
tary Table S2 online. The average RPE was 13.6 ± 1.4.
Behavioral outcome (primary outcome). Stroop effect. Reaction times were shorter and accuracy was 
higher in congruent conditions compared to incongruent conditions in all pre-RE, post-RE, pre-SE, and post-SE 
sessions. All p values measured by paired t-test were ≤ 0.0014.
Information processing speed. All participants reached an ≥ 85% accuracy level after the two practice blocks. 
RE significantly improved reaction time, t(23) =  − 2.313, p = 0.030 M =  − 16 ms, 95% CI [− 30, − 2] (Table 2). The 
mean intervention effect was larger than the minimal detectable change which was 11 ms ( 38.44×
√
(1− .917).
Inhibitory control. There was no significant effect of RE on interference scores, t(23) = 0.661, p = 0.515, M = 6 ms, 
95% CI [− 12, 23], see Table 2.
Accuracy. The analysis of response accuracy showed no significant effects of RE in either the congruent 
(t(23) = 0.131, p = 0.897, M = 0.03%, 95% CI [− 0.49, 0.56]) or incongruent conditions (t(23) =  − 0.525, p = 0.604, 
M =  − 0.4%, 95% CI [− 2.10, 1.25]).
Event‑related potentials (secondary outcome). N2b local peak amplitude. There was a significant 
difference in N2b local peak amplitudes between congruent and incongruent conditions, t(20) = 3.242, p = 0.004, 
with amplitudes being larger in the incongruent condition. In addition, RE significantly reduced the N2b local 
peak amplitude in both the congruent (t(20) = 2.674, p = 0.015, M = 2.290 μv, 95% CI [0.504, 4.075]) and incon-
gruent condition (t(20) = 2.851, p = 0.018, M = 2.291 μv, 95% CI [0.439, 4.142]), see Table 2, Figs. 3, 4 and 5.
Discussion
Acute multiple joint, structural barbell exercises were found to significantly improve information processing 
speed and decrease conflict-related neural activity, but did not change inhibitory control in older adults. As 
expected, both the shortening of reaction time and the reduction of N2b amplitudes were greater in the RE 
condition compared to the active-control condition. The mean difference in reaction time between the two 
interventions was 16 ms (Table 2), the average change in processing speed typically seen in populations 15 years 
apart in age ( 16÷ 1.1)4. As for inhibitory control, there was no significant difference in Stroop interference scores 
as a result of RE intervention.
Comparison with previous studies. Published studies have reported an inconsistent effect of acute RE 
on information processing speed in the Stroop task. Results from five of 11 previous studies were excluded from 
the following discussion because two  studies19,27 did not have a control group; one  study20 used the reverse 
Stroop task (word-naming rather than color-naming);  one28 did not report results of the comparison between 
RE and the control intervention (only the pre- vs post-test comparison);  one26 asked participants to identify 
congruency between the word and its color rather than the color of the word per se. The Stroop test can be used 
in several ways to collect information processing speed (e.g. responding to the meaning of a word in black ink, 







Mean [95% CI; p value; Cohen’s d; within participant 
Pearson correlation coefficient (p value)]
Behavioral outcomes (n = 24)
Reaction time (ms)  − 33 (9)  − 17 (6)  − 16 [− 30 to − 2; .030; − 0.47; .625 (.001)]
Interference score (ms) 5 (10) 0 (10) 6 [− 12 to 23; 515; 0.13; .612 (.001)]
ERP outcomes (n = 21)
N2b local peak amplitude (μv)
Congruent condition 2.210 (0.409)  − 0.080 (0.659) 2.290 [0.504 to 4.075; .015; 0.58; − .241 (.292)]
Incongruent condition 2.232 (0.381)  − 0.589 (0.695) 2.291 [0.439 to 4.142; .018; 0.56; − .302 (.183)]
8
Vol:.(1234567890)
Scientific Reports |         (2021) 11:9137  | https://doi.org/10.1038/s41598-021-88634-5
www.nature.com/scientificreports/
naming the color of a dot, or determining the color of a color-unrelated word), while only those that present 
potentially incongruent information (e.g. the word ‘red’ written in green color) can be used to test inhibition.
Combining all non-interference/congruent measures from the remaining six studies, there were 19 com-
parisons of reaction speed between RE and control interventions. To prevent the underpowered studies from 
Figure 3.  The grand averages of frontocentral electrodes in congruent condition. Drawn by ERPlab 7.064.
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being inappropriately assessed as not showing benefit, both the direction of effects and statistical significance 
will be  discussed73. Eleven of the 14 comparisons indicating that RE favored information processing speed 
reached statistical  significance21–25,29, whereas only one in five comparisons favoring the control interventions 
was  significant23. Although these studies used similar forms of Stroop tasks to measure cognitive performance, 
Figure 4.  The grand averages of frontocentral electrodes in incongruent condition. Drawn by ERPlab 7.064.
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it is difficult to compare these results directly with the current study due to the methodological and reporting 
limitations included potential underestimation of maximal strength, unreported information related to the 
intervention program, lack of active control and ITT analysis. Among the six studies, only one reported Stroop 
interference  scores23. There was a total of six comparisons of interference scores, all favored RE but only one 
reached significance (high intensity, 15 min post-exercise).
Potential mechanisms. The improvement in information processing speed may be attributed to reduced 
neural activation associated with incorrect responses as well as a lower response threshold. According to the 
response conflict theory modified by Yeung, Botvinick, and  Cohen14, lower N2b amplitudes reflect fewer conflict 
signals (N2b amplitude ∝ correctactivation× incorrectactivation , Fig. 6A,B) arising from the ACC (Fig. 6C,D). 
Because in the current study accuracy did not change after the exercise intervention, the improvement in choice 
reaction times may be due to a decrease in incorrect activations (noise), which led to the reduction of conflict, 
Figure 5.  N2b Topographic Mapping (top view). Comparisons between changes (post-exercise − pre-exercise) 
of resistance exercise and stretching exercise in congruent and incongruent conditions. Mean amplitude 
between 180 and 325 ms post stimuli. Drawn by ERPlab 7.064. (unit: μv).
11
Vol.:(0123456789)
Scientific Reports |         (2021) 11:9137  | https://doi.org/10.1038/s41598-021-88634-5
www.nature.com/scientificreports/
which, in turn, was likely due to changes in neuromodulators such as catecholamines in the  CNS74. With smaller 
incorrect activations (Fig. 6B) leading to a lower response threshold, it would have been possible to improve 
speed without sacrificing accuracy (Fig. 6).
The finding that the predicted change in inhibitory control was not observed might be ascribed to exces-
sive physiological and/or psychological stress. Although performing five repetitions at 75% of “abso-
lute intensity” (1RM) could be considered as only moderately heavy relative intensity (87%)75, the result-
ing physiological stress might still have been too high in some individuals for optimal inhibitory control 
given that participants were physically active but untrained  adults76 (relative intensity is calculated as 
(intensity performed)÷(maximal intensity a participant can complete for a given number of repetitions)75; in 
this case, the intensity performed was 75% 1RM and the predicted 5RM was 86%51, thus 75÷ 86 = 87 ). This result may 
not be generalizable to other populations such as sedentary, young, or resistance-trained participants, and adjustment 
of the training parameters will be required to produce optimal improvements in inhibitory control and information 
processing speed.
Strengths and limitations. Strengths of this study: (1) applying a crossover RCT design (2) applying mul-
tiple joint, free weight, structural exercises, which was intended to improve muscle strength, related connective 
tissues, and daily function as an intervention (3) applying an active-control physical test and intervention (4) 
applying a familiarization session before the strength test (5) control of circadian rhythms (6) collecting ERP 
data (7) conducting a strict intention-to-treat analysis of the behavioral data.
Limitations of this study: (1) Despite the beneficial effect of acute RE on information processing speed being 
greater than 1 SEM, this effect size failed to reach the more conservative criteria of 2 SEM and 2.77  SEM70. (2) 
Although daily circadian rhythms were controlled, the intervals between sessions weren’t controlled strictly 
(average ± SD between visits = 7.9 ± 3.2 days). (3) The cognitive task was conducted only 10–35 min after the 
intervention and it is not clear how long the effect continues beyond this time. (4) Optimization of strength gain 
cannot be achieved by using only moderate intensity such as 75% of 1RM. Thus, whether RE protocol with higher 
intensity can produce a similar beneficial effect on information processing speed required further investigation.
The current study was an advancement over previous work in that one individual performed all testing, allo-
cation, and training sessions with all participants and thus avoided inter-rater and inter-instructor variability. 
Figure 6.  The potential mechanism underlying the improvement of information processing speed. (A) The 
conflict lessened as measured by the decreased N2b amplitude. (B) The decrease of conflict may attribute to the 
reduction of activation of incorrect along with a lower threshold for responses (dotted line). (C) and (D) The 
decrease of N2b amplitude reflects the lessened conflict in ACC.
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This same feature however also lowered the ecological validity of the study and made the blinding of exercise 
instructors impossible. In addition, the fact that the current study failed to control the diet on or between visit 
days increased the ecological validity but did so at the expanse of internal validity.
Practical application. Arranging a single bout of multiple joint, structural barbell resistance exercise (back 
squat, press and deadlift) with 75% 1RM × 5 repetitions × 3 sets with 2–3 min rest between sets and exercises 
10 min before a cognitively demanding task, appears to benefit information processing speed.
Suggestions for future research. 
(1) Controlling or restricting the time interval between sessions—we recommend that this be 48–96 h, long 
enough to allow complete recovery, but not so long that participants forget the exercises introduced in 
previous sessions
(2) To allow for greater ability to generalize to other populations, future studies could explore the effect of RE 
in samples of a) females b) young adults c) resistance-trained participants because of the potential effects 
of sex hormones, age, and training status on responses to RE.
(3) A previous  study23 has reported that the effects of acute RE on cognition disappeared 180 min after the 
intervention, but the question of whether the effect persists 35–180 min after exercise remained unexplored.
(4) Finally, to enhance the ability to compare studies, it is important that future research report a) descriptions 
of exercise movements b) the absolute, relative, and allometric strength of the participants c) number of 
repetitions d) number of sets e) objective and subjective intensities f) length of rest intervals between sets 
and exercises g) speed of the concentric and eccentric phases of movements h) who (together with their 
expertise, background) conducts the physical tests and provides the exercise  instructions77.
Conclusion
This trial indicated that (1) this type of acute RE intervention improves information processing speed, which 
may be associated with a decrease in conflict-related neural activity in the ACC (2) the RE protocol used in this 
trial may have created an inordinate level of stress for improving inhibitory control. Future studies should report 
resistance exercise parameters in more detail and conduct strength tests only after at least one prior familiariza-
tion session. Finally, it is important to employ a standard RCT design and the corresponding analysis to provide 
more robust  results78.
Data availability
The participant-level data and statistical code are available on request from the corresponding author. The data 
are anonymized and the risk of identification is low although the consent for data sharing was not obtained.
Received: 15 September 2020; Accepted: 7 April 2021
References
 1. Diamond, A. Executive functions. Annu. Rev. Psychol. 64, 135–168 (2013).
 2. Chen, T. & Li, D. The roles of working memory updating and processing speed in mediating age-related differences in fluid intel-
ligence. Aging Neuropsychol. Cogn. 14, 631–646 (2007).
 3. Shipley, B. A., Der, G., Taylor, M. D. & Deary, I. J. Cognition and all-cause mortality across the entire adult age range: health and 
lifestyle survey. Psychosom. Med. 68, 17–24 (2006).
 4. Blomkvist, A. W. et al. Reference data on reaction time and aging using the Nintendo Wii Balance Board: a cross-sectional study 
of 354 subjects from 20 to 99 years of age. PLoS ONE 12, e0189598 (2017).
 5. Der, G. & Deary, I. J. Reaction times match IQ for major causes of mortality: evidence from a population based prospective cohort 
study. Intelligence 69, 134–145 (2018).
 6. Hasher, L., Stoltzfus, E. R., Zacks, R. T. & Rypma, B. Age and inhibition. J. Exp. Psychol. Learn. Mem. Cogn. 17, 163 (1991).
 7. Hasher, L. & Zacks, R. T. Psychology of learning and motivation Vol. 22, 193–225 (Elsevier, 1988).
 8. Zeintl, M. & Kliegel, M. The role of inhibitory control in age-related operation span performance. Eur. J. Ageing 4, 213–217 (2007).
 9. Luck, S. J. An Introduction to the Event-Related Potential Technique (MIT press, 2014).
 10. Nandrino, J.-L. & El Massioui, F. Temporal localization of the response selection processing stage. Int. J. Psychophysiol. 19, 257–261 
(1995).
 11. Patel, S. H. & Azzam, P. N. Characterization of N200 and P300: selected studies of the event-related potential. Int. J. Med. Sci. 2, 
147 (2005).
 12. Lange, J. J., Wijers, A. A., Mulder, L. J. & Mulder, G. Color selection and location selection in ERPs: differences, similarities and-
neural specificity’. Biol. Psychol. 48, 153–182 (1998).
 13. Liotti, M., Woldorff, M. G., Perez, R. III. & Mayberg, H. S. An ERP study of the temporal course of the Stroop color-word interfer-
ence effect. Neuropsychologia 38, 701–711 (2000).
 14. Yeung, N., Botvinick, M. M. & Cohen, J. D. The neural basis of error detection: conflict monitoring and the error-related negativity. 
Psychol. Rev. 111, 931 (2004).
 15. Bench, C. et al. Investigations of the functional anatomy of attention using the Stroop test. Neuropsychologia 31, 907–922 (1993).
 16. MacDonald, A. W., Cohen, J. D., Stenger, V. A. & Carter, C. S. Dissociating the role of the dorsolateral prefrontal and anterior 
cingulate cortex in cognitive control. Science 288, 1835–1838 (2000).
 17. Pardo, J. V., Pardo, P. J., Janer, K. W. & Raichle, M. E. The anterior cingulate cortex mediates processing selection in the Stroop 
attentional conflict paradigm. Proc. Natl. Acad. Sci. 87, 256–259 (1990).
 18. Wilke, J. et al. Acute effects of resistance exercise on cognitive function in healthy adults: a systematic review with multilevel meta-
analysis. Sports Med. 49, 905–916 (2019).




Scientific Reports |         (2021) 11:9137  | https://doi.org/10.1038/s41598-021-88634-5
www.nature.com/scientificreports/
 20. Tsukamoto, H. et al. An acute bout of localized resistance exercise can rapidly improve inhibitory control. PLoS ONE 12, e0184075 
(2017).
 21. Chang, Y.-K. & Etnier, J. L. Effects of an acute bout of localized resistance exercise on cognitive performance in middle-aged adults: 
a randomized controlled trial study. Psychol. Sport Exerc. 10, 19–24 (2009).
 22. Chang, Y.-K., Tsai, C.-L., Huang, C.-C., Wang, C.-C. & Chu, I.-H. Effects of acute resistance exercise on cognition in late middle-
aged adults: general or specific cognitive improvement?. J. Sci. Med. Sport 17, 51–55 (2014).
 23. Brush, C. J., Olson, R. L., Ehmann, P. J., Osovsky, S. & Alderman, B. L. Dose–response and time course effects of acute resistance 
exercise on executive function. J. Sport Exerc. Psychol. 38, 396–408 (2016).
 24. Sardeli, A. V. et al. Low-load resistance exercise improves cognitive function in older adults. Revista Brasileira de Medicina do 
Esporte 24, 125–129 (2018).
 25. Wang, C.-C. et al. Effects of acute aerobic and resistance exercise on cognitive function and salivary cortisol responses. J. Sport 
Exerc. Psychol. 41, 73–81 (2019).
 26. Vonk, M., Wikkerink, S., Regan, K. & Middleton, L. E. Similar changes in executive function after moderate resistance training 
and loadless movement. PLoS ONE 14, e0212122 (2019).
 27. Engeroff, T., Niederer, D., Vogt, L. & Banzer, W. Intensity and workload related dose-response effects of acute resistance exercise 
on domain-specific cognitive function and affective response–A four-armed randomized controlled crossover trial. Psychol. Sport 
Exerc. 43, 55–63 (2019).
 28. Tsuk, S. et al. The acute effect of exercise on executive function and attention: resistance versus aerobic exercise. Adv. Cognit. 
Psychol. 15, 208–215 (2019).
 29. Harveson, A. T. et al. Acute exercise and academic achievement in middle school students. Int. J. Environ. Res. Public Health 16, 
3527 (2019).
 30. Haff, G. G. & Triplett, N. T. Essentials of strength training and conditioning 4th edn. (Human kinetics, 2015).
 31. Wirth, K., Keiner, M., Hartmann, H., Sander, A. & Mickel, C. Effect of 8 weeks of free-weight and machine-based strength training 
on strength and power performance. J. Hum. Kinet. 53, 201–210 (2016).
 32. French, D. Essentials of Strength Training and Conditioning 4th edition, Chapter 5 (Human kinetics, 2015).
 33. Cussler, E. C. et al. Weight lifted in strength training predicts bone change in postmenopausal women. Med. Sci. Sports Exerc. 35, 
10–17 (2003).
 34. Church, D. D. et al. Comparison of high intensity versus high volume resistance training on the BDNF response to exercise. J. 
Appl. Physiol. 121, 123–128 (2016).
 35. Yarrow, J. F., White, L. J., McCoy, S. C. & Borst, S. E. Training augments resistance exercise induced elevation of circulating brain 
derived neurotrophic factor (BDNF). Neurosci. Lett. 479, 161–165 (2010).
 36. Goekint, M. et al. Strength training does not influence serum brain-derived neurotrophic factor. Eur. J. Appl. Physiol. 110, 285–293 
(2010).
 37. Correia, P. R. et al. Acute strength exercise and the involvement of small or large muscle mass on plasma brain-derived neurotrophic 
factor levels. Clinics 65, 1123–1126 (2010).
 38. Schick, E. E. et al. A comparison of muscle activation between a Smith machine and free weight bench press. J. Strength Cond. Res. 
24, 779–784 (2010).
 39. Schwanbeck, S., Chilibeck, P. D. & Binsted, G. A comparison of free weight squat to Smith machine squat using electromyography. 
J. Strength Cond. Res. 23, 2588–2591 (2009).
 40. Moher, D. et al. CONSORT 2010 explanation and elaboration: updated guidelines for reporting parallel group randomised trials. 
Int. J. Surg. 10, 28–55 (2012).
 41. Cockrell, J. R. & Folstein, M. F. Mini-mental state examination. Principles Pract. Geriatric Psychiatry, 140–141 (2002).
 42. Thompson, W. R., Gordon, N. F. & Pescatello, L. S. ACSM’s Guidelines for Exercise Testing and Prescription (Lippincott Williams 
& Wilkins, 2010).
 43. Beck, A. T., Steer, R. A. & Brown, G. K. Beck depression inventory-II. San Antonio 78, 490–498 (1996).
 44. Oldfield, R. C. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia 9, 97–113 (1971).
 45. Liou, Y. M., Jwo, C. J., Yao, K. G., Chiang, L.-C. & Huang, L.-H. Selection of appropriate Chinese terms to represent intensity and 
types of physical activity terms for use in the Taiwan version of IPAQ. J. Nurs. Res. 16, 252–263 (2008).
 46. Higgins, J., Eldridge, S. & Li, T. in Cochrane Handbook for systematic reviews of interventions version 6.0 (updated July 2019) (eds 
JPT Higgins et al.) (Cochrane, 2019).
 47. Dwan, K., Li, T., Altman, D. G. & Elbourne, D. CONSORT 2010 statement: extension to randomised crossover trials. BMJ 366, 
l4378 (2019).
 48. Rippetoe, M. & Bradford, S. Starting Strength: Basic Barbell Training Ch. 2 (Aasgaard Company, 2012).
 49. Rippetoe, M. & Bradford, S. Starting Strength: Basic Barbell Training Ch 3 (Aasgaard Company, 2012).
 50. Rippetoe, M. & Bradford, S. Starting Strength: Basic Barbell Training Ch 4 (Aasgaard Company, 2012).
 51. Wathen, D. Essentials of strength training and conditioning 435–439 (1994).
 52. LeSuer, D. A., McCormick, J. H., Mayhew, J. L., Wasserstein, R. L. & Arnold, M. D. The accuracy of prediction equations for esti-
mating 1-RM performance in the bench press, squat, and deadlift. J Strength Cond. Res. 11, 211–213 (1997).
 53. Brzycki, M. Strength testing—predicting a one-rep max from reps-to-fatigue. J. Phys. Educ. Recreation Dance 64, 88–90 (1993).
 54. Ware, J. S., Clemens, C. T., Mayhew, J. L. & Johnston, T. J. Muscular endurance repetitions to predict bench press and squat strength 
in college football players. J. Strength Cond. Res. 9, 99–103 (1995).
 55. WHO. ACSM’s Resources for the Personal Trainer (Lippincott Williams & Wilkins, 2013).
 56. Cook, G., Burton, L. & Hoogenboom, B. Pre-participation screening: the use of fundamental movements as an assessment of 
function-part 2. N. Am. J. Sports Phys. Therapy: NAJSPT 1, 132–139 (2006).
 57. Stroop, J. R. Studies of interference in serial verbal reactions. J. Exp. Psychol. 18, 643 (1935).
 58. Hsieh, S.-S., Huang, C.-J., Wu, C.-T., Chang, Y.-K. & Hung, T.-M. Acute exercise facilitates the N450 inhibition marker and P3 
attention marker during stroop test in young and older adults. J. Clin. Med. 7, 391 (2018).
 59. Isratel, M., Hoffman, J. & Smith, C. Scientific principles of strength training. Juggernaut Training Syst. 18, 62 82-82, 88 (2016).
 60. Zatsiorsky, V. M., Kraemer, W. J. & Fry, A. C. Science and Practice of Strength Training Vol. 68, 71–76 (Human Kinetics, 2020).
 61. Borg, G. Borg’s perceived exertion and pain scales (Human kinetics, 1998).
 62. Julious, S., Campbell, M. & Altman, D. Estimating sample sizes for continuous, binary, and ordinal outcomes in paired comparisons: 
practical hints. J. Biopharm. Stat. 9, 241–251 (1999).
 63. Delorme, A. et al. EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent component 
analysis. J. Neurosci. Med. 134, 9–21 (2004).
 64. Lopez-Calderon, J. & Luck, S. J. ERPLAB: an open-source toolbox for the analysis of event-related potentials. Front. Hum. Neurosci. 
8, 213 (2014).
 65. Delorme, A., Makeig, S. & Sejnowski, T. in Proceedings of the third international ICA conference. 9–12.
 66. Pontifex, M. B., Miskovic, V. & Laszlo, S. Evaluating the efficacy of fully automated approaches for the selection of eyeblink ICA 
components.. Psychophysiology 54, 780–791 (2017).
 67. Luck, S. J. & Gaspelin, N. How to get statistically significant effects in any ERP experiment (and why you shouldn’t). Psychophysiol-
ogy 54, 146–157 (2017).
14
Vol:.(1234567890)
Scientific Reports |         (2021) 11:9137  | https://doi.org/10.1038/s41598-021-88634-5
www.nature.com/scientificreports/
 68. Bailar, J. C. III. & Mosteller, F. Guidelines for statistical reporting in articles for medical journals: amplifications and explanations. 
Ann. Intern. Med. 108, 266–273 (1988).
 69. Altman, D. G. & Bland, J. M. Statistics notes: absence of evidence is not evidence of absence. BMJ 311, 485 (1995).
 70. Cook, J. A. et al. in Assessing methods to specify the target difference for a randomised controlled trial: DELTA (Difference ELicitation 
in TriAls) review (NIHR Journals Library, 2014).
 71. Wyrwich, K. W., Tierney, W. M. & Wolinsky, F. D. Further evidence supporting an SEM-based criterion for identifying meaningful 
intra-individual changes in health-related quality of life. J. Clin. Epidemiol. 52, 861–873 (1999).
 72. Higgins, J., Savović, J., Page, M., Elbers, R. & Sterne, J. in Cochrane Handbook for systematic reviews of interventions version 6.0 
(updated July 2019) (eds JPT Higgins et al.) (Cochrane, 2019).
 73. McKenzie, J. & Brennan, S. in Cochrane Handbook for systematic reviews of interventions version 6.0 (updated July 2019) (eds JPT 
Higgins et al.) (Cochrane, 2019).
 74. Servan-Schreiber, D., Printz, H. & Cohen, J. D. A network model of catecholamine effects: gain, signal-to-noise ratio, and behavior. 
Science 249, 892–895 (1990).
 75. Haff, G. G. & Haff, E. E. in NSCA’s Essentials of Personal Training 2nd Edition (eds Jared W Coburn & Moh H Malek) Ch. 15, 372 
(Human Kinetics, 2012).
 76. Cadore, E. L. et al. Hormonal responses to resistance exercise in long-term trained and untrained middle-aged men. J. Strength 
Cond. Res. 22, 1617–1624 (2008).
 77. Hoffmann, T. C. et al. Better reporting of interventions: template for intervention description and replication (TIDieR) checklist 
and guide. BMJ 348, g1687 (2014).
 78. Boutron, I. et al. in Cochrane Handbook for systematic reviews of interventions version 6.0 (updated July 2019) (eds JPT Higgins et 
al.) (Cochrane, 2019).
Acknowledgements
We thank the Ministry of Science and Technology (Taiwan) for funding our work.
Author contributions
T.Y.L. (lead author) conceived and designed the study, recruited the participants, delivered intervention, col-
lected and analyzed data. He is the guarantor and responsible for the writing. S.S.H. was responsible for study 
design and collecting data. C.J.H. provided advice on study design and statistical analysis. T.Y.C. provided advice 
on E.R.P. analysis and interpretation of results. T.M.H. is the grant holder and was responsible for reviewing 
the manuscript. All authors have contributed to drafting the manuscript and approving the final version. The 
corresponding author (T.M.H.) affirms that all listed authors meet the I.C.M.J.E. criteria for authorship that no 
others meeting the criteria have been omitted. Transparency: The author T.Y.L. (lead author) attests that the 
manuscript is transparent, accurate, and honest about the study being reported. There is no important aspect of 
the present study been omitted.
Funding
Ministry of Science and Technology (Taiwan) Project number: 107-2813-C-003-002-H.
Competing interests 
All authors have completed the ICMJE uniform disclosure form at www. icmje. org/ coi_ discl osure. pdf and declare: 
no support from any organisation for the submitted work; no financial relationships with any organizations that 
might have an interest in the submitted work in the previous 3 years; no other relationships or activities that 
could appear to have influenced the submitted work.
Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 88634-5.
Correspondence and requests for materials should be addressed to T.-M.H.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.
© The Author(s) 2021
